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Abstract 
The environmental conscience is bringing up significant methods and techniques to save energy and substitute the 
fossil fuel resources by renewable ones. The adsorption air conditioning system at LES-UFPB has been projected by 
this point of view, as it is powered by solar energy. Together with it, there is a thermal storage tank whose function is 
to store thermal energy as long as possible, since the solar radiation changes throughout the day. This article presents 
a tri dimensional numerical analysis, run in Fluent CFD software, looking for the effect of inlets and outlets flow on 
velocity and temperature fields inside the thermal storage tank. A grid independence study was carried out and the 
results of velocity and temperature fields at both transient and steady flow were presented and discussed. 
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1. Introduction 
One of the systems that is increasing its market usability and also being a great energy consumer is the 
air conditioner, whose presence is highly needed in tropical countries such as Brazil. The engineering’s 
concern about sustainability and costs decreasing is leading humanity to reduce the electric consumption 
of the available refrigeration cycles and even search for new ones. 
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and/or peer-review under responsibility of ISES.
 Cristian Adolfo et al. /  Energy Procedia  57 ( 2014 )  2600 – 2608 2601
The researches carried in the Solar Energy Laboratory- LES at the Federal University of Paraíba- 
UFPB are inside this context. The project that is feature of this paper is a 20 kW adsorption refrigeration 
chiller powered by solar energy preferentially, using activated carbon and methanol as the adsorption pair. 
This kind of air conditioner does not require a vapor compressor, which is the great energy consumer in 
the usual refrigeration cycles, and reduces the system’s necessity of maintenance. Figure 1 shows 
schematically the equipment that make up this air conditioner [1, 2]. 
 
 
Figure 1. Schematic operation of the solar energy/natural gas adsorption air conditioning system. 
 
In the Fig. 1 it is possible to notice the three circuits that comprise the system. The first of them is the 
main circuit, in which methanol flows and maintain its low temperature inside the evaporator by 
evaporation cooling. The other two circuits are the cold and hot water circuits, whose function is to 
supply the adsorbers’ energetic necessities so that they can adsorb and regenerate its adsorb capability 
after saturation. The first of them is a cycle of low complexity, while the second one evolves the solar 
energy that the system need and also is the main subject of this paper. 
The hot water circuit is responsible for the adsorbers’ heating after activated carbon saturation in order 
to create specific temperature and pressure conditions to facilitate the methanol desorption from the 
activated carbon particles. This circuit is composed by a net of tubes for internal water flow, moved by a 
small hydraulic pump. The fluid loses heat by passing through the adsorbers and recover its energy in a 
solar collectors’ field, showed in Fig. 2 (a), which is located on the roof of the space where the air 
conditioner is installed. The hot water came from the collectors is stored in a thermal storage tank that 
also has an appendix tank for the 100°C designed temperature maintenance, using a gas heater as 
auxiliary heat source. Figure 2 (b) shows both tanks. 
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Nomenclature 
ui velocity component  
ρ0  reference density 
p pressure 
k kinetic energy 
g gravity acceleration 
t time 
vt effectiveness viscosity  
cp thermal capacity 
Prt turbulent Prandlt number 
T temperature 
Q energy generation index 
μt turbulent viscosity 
ε energy dissipation 
 
 
 
Figure 2. Solar collectors’ field (a) and thermal storage tank (b) of the system. 
 
As the incident solar radiation in the solar collectors varies throughout the day, the main thermal 
storage tank (the biggest of those shown in Fig. 2) is pretty important because it stores all the water 
heated by the Sun and it allows a better and more use time of the solar energy collected. In order to know 
the outlets’ temperature as a function of the inlets’ temperature came from the collectors, the goal of this 
paper is to analyze numerically the water flow inside this tank. 
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1.1. Tank`s geometry 
The thermal storage tank is a 7 m3 hollow cylinder with its walls properly insulated and four tubes of 
1” diameter that are connected to the other components of the cycle. Two of those tubes are water inlets 
and the other two are outlets. Figure 3 shows the tank’s dimensions and the location of its inlets and 
outlets [3]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
     (a)        (b) 
Figure 3. Drawings of the tank and details of its openings (b) with dimensions in [mm]. 
 
The numerical analysis of the problem was carried out in the ANSYS CFX 12.1 commercial software, 
which uses the finite volumes method to apply the physic conservation equations in discretized volumes 
and obtain properties of the flow through the whole control system. The flow is transient in order to 
analyze the outlets’ temperature variation throughout the day and the operation time of the system is 
taken as from 7 a.m. to 6 p.m. in a characteristic day of January. 
1.2. Mathematical model 
The equations used as mathematical model to solve the problem are as follow [4]: 
 
           (1) 
     (2) 
           (3) 
        (4) 
 
Equations (1, 2 and 4) represent the continuity, momentum and energy conservations, respectively, 
where ui are the velocity components, p0 is the reference density, p is the pressure, k is the kinetic energy, 
g is the gravity acceleration, t is the time, vt is the effectiveness viscosity, cp is the thermal capacity of the 
air at constant pressure, Prt is the turbulent Prandtl number, T is the temperature and Q is the energy 
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generation index. Equation (3), known as the state equation, allows to couple the momentum equation, 
Eq. (2), to the energy one, Eq. (4). The last term in the Eq. (2) is known as the flotation part. Some 
considerations are taken, as follows [4]: 
 
i. the dynamic viscosity (μ) and the thermal conductivity (k) are constants in the whole 
fluid domain; 
ii. the flow velocities are as low as the fluid can be considered incompressible; 
iii. the turbulence variations are pretty lower than the average values; 
iv. the thermal effect associated with the fluid viscosity are negligible, and; 
v. the density variations are significant when multiplied to the gravity vector (g). 
 
1.3. Turbulence and buoyancy model 
The water is considered a Newtonian fluid in this simulation as though as its properties are constant 
but its density, which is calculated by the Boussinesq approximation. These considerations permit to 
represent more properly the buoyancy inside the tank, very important factor to emphasize the temperature 
stratification through the height of the tank. 
The turbulence model that showed a good convergence and was used in the simulation is the k-ε 
model, which takes into account the turbulent viscosity (μt), coupling the turbulent kinetic energy 
equation, k, to the energy dissipation one, ε. These terms are represented as below [5]: 
 
        (5) 
      (6) 
 
Where П is the kinetic energy (k) production term and G is the buoyancy term, as follows: 
 
          (7) 
          (8) 
 
1.4. Analysis of the discretization error 
In order to analyze the error associated with the domain’s discretization and discover the best level of 
refinement for the simulation, three finite volumes grid are compared to each other. Their characteristics 
are shown in Tab. 1, where Grid 1 is the most refined and grid 3 is the less one. 
 
Table 1. Characteristics of the grids studied. 
 Number of nodes Number of elements h [m] 
Grid 3 94,533 315,663 0.0286 
Grid 2 23,8637 787,381 0.0211 
Grid 1 395,016 1,788,918 0.0160 
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The volume’s average size is represented by h, an important factor to estimate the discretization error 
GCI (grid convergence index). These errors can be calculated (ASME [6]) by comparison between key-
results obtained in the simulation for each one of the grids and the application of an iterative method 
named Richard’s extrapolation in these results. For this analysis the grids were ran in a permanent flow 
simulation, with its own boundary conditions. Figure 4 (a) shows the temperature variation through the 
height of the tank for those three different grids and (b) the discretization errors for the Grid 2 represented 
by error bars. 
 
 
  (a)                     (b) 
Figure 4. Temperature variations for the three grids evaluated (a) and GCI values for Grid 2 (b). 
 
The average discretization uncertainty value reduces from 0,0051% in Grid 2 to approximately 
0,0037% in Grid 1. As the error’s level found were too low for both grids, there was chosen Grid 2 for the 
simulation, as long as it presents good levels of convergence and saves computational time. 
2. Results and discussions 
The outlets’ temperatures obtained were compared to those showed by the previous study, in which an 
analytical one-dimensional model [7, 8, 9] was carried out. Figure 5 (a) shows the temperatures of outlet 
1 for both analytical and numerical studies while comparing these to the temperature of inlet 1. Figure 5 
(b) compares the temperature in outlet 2 for both studies. 
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(a)                                   (b) 
Figure 5. Temperature variations in Outlet 1 (a) and in Outlet 2 (b) for the hours of solar radiation. 
 
From the difference between the temperatures of outlet 2 and inlet 1 it is possible to calculate the total 
energy accumulated by the water flow when it passes through the solar collectors [10, 11]. Figure 6 (a) 
shows the available solar energy during the day and the useful energy, calculated from the results, while 
(b) relates these two energies in order to present the solar collectors’ instantaneous efficiency throughout 
the day. 
 
 
           (a)                        (b) 
Figure 6. Available and useful energy in the solar collectors (a) and their efficiency (b) during the day.  
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From the temperature obtained in outlet 1 of the tank it is also possible to calculate the energy 
provided by the auxiliary gas heater in order to get the water flow warmed until 100ºC, the designed 
temperature. Figure 7 shows the quantity of energy, provided by the gas heater, needed to keep the air 
conditioning system’s functioning. 
 
 
Figure 7. Energy supplied by the gas heater during the day. 
 
3. Conclusions 
The study showed that the water flow through the solar collectors field must be activated between 9:30 
a.m. and 5 p.m., time interval in which the solar radiation is sufficient to supply the thermal energy 
storage in the tank. Out of this interval, the temperature of the water flow entering the tank are lower than 
the average temperature inside it, injuring the functioning of the system. 
The comparison between the one-dimensional analytical and the tridimensional numerical results 
shows that the convective transfers inside the tank as though as the thermal inertia are represented more 
properly in the second model. It was already expected because the one-dimensional model considers that 
inlet 1 and outlet 1 are located together (in the same height of the tank), bringing their temperatures very 
close to each other, what, in fact, does not occur. 
The solar collectors’ field presented 25% of average efficiency during the air conditioning systems’ 
functioning and a maximum efficiency of 57%, at 2 p.m.. The numerical results, showing a high loss of 
energy from the solar collectors field, is mainly due to the assumption of the initial return temperature 
(Inlet 2), intensified by thermal losses from the storage tank. The next step of the study, i.e., the 
experimental evaluation of the temperature field in the tank, should allow to validate the numerical 
model, and/or improve it. 
The gas consumption is higher than the one obtained by the previous study, with the analytical model. 
This can be explained in two ways. First of all, the inlet 1 temperature found in the numerical solution is 
most of the time far lower than the analytical one, what increases the gas needed to warm the water until 
100ºC. In a second way, the outlet 2 temperature obtained by the numerical study is most of time higher 
than the one found in the analytical way. This causes harms to the system such as increasing the solar 
collectors temperature, which increases the energy lost, and worsens the energy gain in the collectors. 
The results obtained could be improved if a thermal capacity model was set up for a  temperature 
variation of inlet 2. This model depends on adsorption kinetics of the system, factor that is being recently 
studied. 
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